De novo assembly using short reads generated by next generation sequencing technologies is still an open problem. Although there are several assembly algorithms developed for data generated with different sequencing technologies, and some that can make use of hybrid data, the assemblies are still far from being perfect. There is still a need for computational approaches to improve draft assemblies. Here we propose a new method to correct assembly mistakes when there are multiple types of data obtained using different sequencing technologies that have different strengths and biases. We apply our method to Illumina, 454, and Ion Torrent data, and also compare our results with existing hybrid assemblers, Celera and Masurca.
Introduction
Since the introduction of high throughput next generation sequencing (NGS) technologies, traditional Sanger sequencing is being abandoned especially for large-scale sequencing projects. Although cost effective for data production, NGS also imposes increased cost for data processing and computational burden. In addition, the data quality is in fact lower, with greater error rates, and short read lengths for most platforms. One of the main algorithmic problems to analyze NGS data is the de novo assembly: i.e. "stitching" billions of short DNA strings into a collection of larger sequencees, ideally the size of chromosomes. However, "perfect" assemblies with no gaps and no errors are still lacking due to many factors, including the short read and fragment (paired-end) lengths, sequencing errors in basepair level, and the complex and repetitive nature of most genomes. Some of these problems in d e novo assembly can be ameliorated through using data generated using different sequencing platforms, where each technology has "strengths" that may be used to fix biases introduced by others.
In this work, we propose to improve draft assemblies (i.e. produced using a single data source, and/or single algorithm) by incorporating data generated using different NGS technologies, and applying novel correction methods. To achieve better improvements, we exploit the advantages of both short but low-error and long but erroneous reads. We show that correcting the contigs built by assembling long reads through mapping short (and high quality) read contigs produce the best results, compared to the assemblies generated by algorithms that use hybrid data.
Methods
We first cloned a bacterial artificial chromosome (BAC) from human chromosome 13. We then sequenced this BAC separately using Illumina, Roche/454, and Ion-Torrent platforms. Illumina data is paired-end, where the others are single-end. The read lengths are 101bp for Illumina, 10bp-1Kbp for Rochhe/454, and 5bp-201bp for Ion Torrent. We also obtained a "gold standard" reference assembly using template-based assembly with Mira [7] with Roche/454, which is then corrected with the Illumina reads. Since Roche/454 and Ion Torrent platforms have similar sequencing biases (i.e. problematic homopolymers), we worked on two separate groups: Illumina & 454 and Illumina & Ion-Torrent, which gives us an opportunity to compare Roche/454 and Ion-Torrent.
Pre-processing: We first discarded the reads that has low average quality value (phred score 17, i.e. ≥2% error rate). Next, we removed the reads with high N-density (with >10% of the read consisting of Ns). We then trimmed groups of bases that seem to be nonuniform according to sequence base content. We also inevitably applied each assembler's pre-processing operations. Assembly: We used several assembly tools: Velvet [3] , a de Bruijn graph based assembler to assemble the short reads; and two different overlap-layout-consensus (OLC) assemblers: Celera [1] , and SGA [2] to assemble the long read data sets (Roche/454 and Ion Torrent) separately. Finally, we also used a de Bruijn based assembler, SPAdes [4] on the long read data. We then mapped all draft assemblies to the E. coli reference sequence to identify and discard E. coli contamination due to the cloning process. At the end, we obtained one short read, and three long read assemblies. Correction: We mapped the contigs obtained with the short reads onto the contigs generated by assembling long reads using BLAST [8] . Since BLAST may report multiple mapping locations due to repeats, we accepted only the "best" map locations. Reasoning from the fact that the short reads show less sequencing errors, we opted for the sequence reported by the short read based contigs over the long read contigs assemblies when there are disagreements between the pair, and patched the "less fragmented" long read assemblies. We repeated this process for each of the three long read assembly data sets. Evaluation: We mapped each of the final corrected assemblies onto the reference genome we constructed, calculated various statistics based on the comparisons, and estimated assembly qualities (Table 1) . We also used two hybrid assemblers, Celera-CABOG [5] and Masurca [6] on the same data to compare our correction methodology with those of hybrid assembly algorithms.
Results and Conclusion
We present a summary of the results in Table 1 . Briefly, the Velvet assembly using only the Illumina reads showed better coverage (99%) and high average identity (97.5%) rates compared to Celera assembly using Celera. Correcting the Celera assembly with our method improves both coverage and average identity rates, which are then further improved by reiteratively applying our method. We also observe that the hybrid assemblers used in this study did not produce better results with this data set.
Here we presented a new method to improve draft assemblies by correcting high contiguity assemblies using high quality short read contigs. However, the need to develop new methods that exploit different data properties of different NGS technologies remains. total number of bases on the gaps.
* "2" represents the results of the second cycle of correction, "3" represents the third cycle.
